Momentum around the era of genomic medicine is building, and with it, anticipation of the benefits that whole genome analysis (personalized or individualized genomics) will bring for the provision of health care. These technologies have the potential to revolutionize genetic diagnosis; however, the expansive data generated can lead to complex or unexpected findings, sometimes complicating clinical utility and patient benefit. Here, we use our experience with whole genome scanning microarrays, an early instance of whole genome analysis already in clinical use, to highlight fundamental challenges raised by these technologies and to discuss their medical, ethical, legal and social implications. We discuss issues that physicians and healthcare professionals will face, in particular, as the resolution of testing further increases toward full genome sequence determination. We emphasize that addressing these issues now, and starting to evolve our healthcare systems in response, will be pivotal in avoiding harms and realizing the promise of these new technologies. (Pediatr Res 66: 357-363, 2009) 
W e are experiencing a gathering storm in genomics. The last few years have seen the launch of whole genome research initiatives that are revealing the nature of individual human genomic variation and its corollaries to health and disease more fully than ever before (1) (2) (3) (4) . The cost of analysis is falling rapidly, with numerous individual genomes now sequenced to different levels of completion and many more in progress (5) . Meanwhile, commercial ventures are offering whole genome microarray testing directly to consumers (DTC) (6) . Publicity around these projects, as well as the U.S. President Barack Obama's underscoring of genomics and personalized medicine (7) , has contributed to building anticipation of the benefits that genome-wide analysis will have for the provision of health care. Nevertheless, at the same time that genomic science is producing tremendous advances, medical, ethical, legal, and social questions are stemming from the information these new technologies unveil (8 -11) .
The concerns raised are perhaps the most critical in the clinical setting. In particular, the development of genomescanning microarray technology (e.g. chromosome microarray analysis) (12, 13) marks an early step in the move toward routine clinical genomics applications. These microarraybased diagnostics can readily scan the DNA for quantitative losses or gains of chromosomal segments or copy number variations (CNVs) identifying DNA anomalies that fall below the resolution of microscope-based cytogenetic analyses (14) . Additionally, they have the capacity to survey variation at thousands to millions of loci at once, thus providing an assay of genomic scope combined with the sensitivity of targeted molecular testing. Importantly, the price of microarray screening is already in the $500 range nearing the cost of lower resolution methods, such as karyotyping. The unique ability to rapidly assay the entire genome in one test (at an affordable price) promises to revolutionize pre-and postnatal genetic diagnosis (15) (16) (17) . However, at the same time, the massive amount of data generated will lead to unexpected findings and may complicate clinical utility and patient benefit. New paradigms to interpret and report this data and counsel individuals on its significance are urgently required.
designed to screen the entire genome (whole genome scanning, WGS) for chromosomal abnormalities. Additionally, the sensitivity and resolution of arrays can be varied depending on the number, type, and density of their probe features. Within just a few years of being introduced into the clinical arena, there has been a steady progression toward higher resolution microarrays. Microarrays of various designs are now being used to personalize cancer treatment, screen for cancer susceptibility (18) , identify etiology for constitutional disorders (19, 20) , conduct prenatal genetic diagnosis (21) and are increasingly being ordered to evaluate chromosomal abnormalities in specialities outside of genetics and oncology (22) . Notably, DTC purveyors of personalized genomics are using the same microarray technologies; however, in this piece, we focus on issues arising from their use in the clinical realm.
Although microarray-based detection of CNVs has opened exciting potential for diagnosis and prognosis, it exemplifies a central challenge in the use of high-resolution whole genome methods. Our current understanding of detectable variation is still at an early stage (3, 14, 17, 23, 24) . New CNVs continue to be discovered, and the realization that they represent a predominant form of human genomic variation, with a spectrum of phenotypic influences ranging from benign to pathogenic was only relatively recent (25) (26) (27) (28) . The presence of multiple CNVs in all human genomes has made distinguishing diseaseassociated variants from those without clinical significance a central challenge in medical genetics (23, 29) . Elsewhere, we discussed new and unforeseen complexities that the discovery of CNVs might present for genetic counseling services (30) . Here, we discuss other challenges raised by WGS arrays, describing some of the issues that require further consideration, as well as some potential solutions to these problems.
NEW TECHNOLOGIES, NEW CHALLENGES
The perspective of our group is drawn from whole genome analysis technology development, CNV disease-association research and databases, clinical diagnostics, genetic counseling, and ethical, legal, and social issues, as well as policy research. Although ethical, legal, and social issues related to genetic testing are not novel (9, 11) , our recent experiences with this technology indicate that these questions are gaining new momentum, as medicine turns increasingly toward whole genome applications. Clinical genetic services are always assessing new technologies, but the new genome-wide technologies are producing datasets that are magnitudes larger in size and complexity. The clinical significance of much of this genomic information is not yet certain, and all these issues are compounded by an accelerated pace of discovery. As their clinical utility increases, the use of whole genome analyses will expand, providing informative data on many more individuals than are detected by conventional genetic testing (31) . However, in contrast to the massive investment in the technologies, there has been little attention paid to developing practical mechanisms for translating these advances to patient care and to evaluating and managing repercussions.
Here, we present three stories created from composite patient cases to illustrate some of the most pressing issues arising. We are using high-density WGS arrays in a research setting to examine the association of CNVs in autism spectrum disorder (ASD). We anticipate similar issues will also be experienced in the clinic setting, as the current predominant use of targeted and lower density arrays shifts to the adoption of genome-wide higher resolution arrays and ultimately to full genome sequencing. Anticipating all eventualities that could arise is challenging (9) . Although it will be possible to address at least some of these concerns in the informed consent process provided by individual genetic service providers, others represent much more fundamental consideration. Here, we highlight the importance of beginning to consider these issues at this early point in the trajectory of whole genome analysis and to begin to restructure our healthcare system to prepare for advances in genomic medicine.
The etiology for ASDs includes multiple genetic and possibly environmental and epigenetic influences. Recent work is providing evidence for both monogenic and complex mechanisms sometimes involving CNVs, with 10 -20% of clinically diagnosed cases having an identifiable genetic association (32) (33) (34) (35) (36) (37) . For clarity, we have discussed each of the issues below in the context of just one of the ASD cases; however, most of them could pertain to all three stories, as well as in hundreds of other medical situations.
Story 1: Diagnostic Uncertainty
This 6-year-old boy was diagnosed with ASD at 18 mo. Karyotyping and targeted genome testing revealed no chromosomal abnormalities. The family was eager to pursue higherresolution analysis, such that a more definitive test result might open new avenues for his clinical management, as well as to identify possible recurrent reproductive risk. Both the child's and his non-ASD parents' DNA were examined using high-density 1.8 million marker arrays (Affymetrix 6.0), which can typically detect ϳ100 CNVs per sample. This analysis revealed three rare de novo (not inherited) CNVs in the child's sample and another CNV that was also present in the DNA of his father, but none of these were observed in over a thousand ancestrally matched control samples. All four CNVs were therefore considered novel variants; however, beyond being absent in controls, there was no supporting evidence yet for their involvement in ASD. Which one, if any, was responsible or contributed to the child's ASD? In this case, we were not able to determine the variant responsible for the child's condition or to explain the clinical effects of any of the four CNVs. Additionally, the unknown significance of the novel CNV in the father's sample made it impossible to accurately determine reproductive recurrence risks for the parents.
This case exemplifies some of the diagnostic unpredictabilities and uncertainties that are expected to become increasingly common with the use of higher resolution WGS, in particular, when examining complex genetic disorders. Identification of etiology has enormous potential for benefit, but at what point is the possibility of providing more information for families outweighed by uncertainty about the meaning of detected variation? This question rests on a fine balance. On one hand, the collection of large datasets from patients contributes to our knowledge of the clinical significance of CNVs, which will ultimately lead to more accurate diagnosis. On the other hand, our current understanding of these variants is still rudimentary (17) .
In the current clinical genetics paradigm, the disclosure of findings is guided by the stated needs, beliefs, and expectations of each patient/family together with bioethical tenets (see the National Society of Genetic Counselors Code of Ethics at http://www.nsgc.org/about/codeEthics.cfm). If, as in this case, a family pursues higher resolution testing, our approach would be to share all reported findings in accordance with their preferences while explaining the limitations of current knowledge. Under these circumstances, most families recognize that this testing is "on the cutting edge." However, this does not preclude some measure of discomfort on the part of clinicians when they are unable to explain test results (23) and distress for families over the meaning of unexplained variants (38) . In addition, for those hoping to base reproductive choices on these results, such findings may be particularly worrisome. As we move to higher resolution methods, we can expect more variants of unknown clinical significance to be revealed. Thus, instances of uncertainty may increase until enough case and control data are accumulated and interpreting the information in an individual patient's scan becomes more straight-forward (1, 31, 39) .
The application of WGS arrays is already significantly increasing workloads for genetic services staff and, in our experience, shifting our approach to patient care. Newer clinical arrays are producing numerous CNV calls, or "hits," resulting in more time spent synthesizing information from disparate websites to understand if, and how, these data could be incorporated into medical management (40) . To assist in interpretation, samples from parents and other family members are now more often needed and, similarly, coordinating testing and analyzing these additional datasets is adding to workloads.
Overall, the amount of information that needs to be presented to families to facilitate informed decision making is also increasing. Although many clinicians are experienced in conveying nuanced data, this material is becoming increasingly intricate, especially regarding mechanisms of complex trait inheritance, variable expressivity, and penetrance (17, 41, 42) . In addition, higher resolution arrays are more likely to produce multiple issues of uncertainty, incidental findings, or evolving knowledge (see stories 2 and 3) within an individual case placing greater demands on healthcare professionals with respect to interpretation, communication, and case management. Administrators will need to consider and strategize accordingly for the increasing time and staffing requirements that WGS tools will likely entail.
The need for increased genomics education for clinicians (43) (44) (45) and for the training of greater numbers of genetic counselors and clinical geneticists has been noted (46) . However, in addition to increasing training and education within the current genetic service paradigms, the sheer volume of data generated by high-resolution genome-wide microarray analysis will require the development of new tools (see stories 2 and 3) and counseling paradigms to interpret the data and inform patients.
To inform decision making about the effective integration of whole genome analysis, we believe it is imperative to i) begin empirical investigation of the time, personnel, educational, and economic resources that will be required for the management, explanation, and counseling of genome-wide data; ii) initiate deliberation with those engaged in providing this testing, on what uses and in what contexts these diagnostics should be most appropriately applied, and what might comprise measurable outcomes; and iii) determine best practices for effective communication/genetic counseling of this data, especially with respect to incomplete knowledge and diagnostic uncertainty.
Importantly, the establishment of centralized, user-friendly databases archiving high-resolution genome-wide datasets and integrating evolving phenotypic findings would be a fundamental step toward improving the interpretation of scans, maximizing their clinical utility, improving patient care, and smoothing the path toward broad integration of personalized genomics. The genetics and healthcare communities need to attempt to consolidate currently disparate genotype-phenotype and clinical databases as a common public resource (47).
Story 2: An Unexpected Finding
The results of another ASD family trio present another key issue raised by WGS data-that of incidental findings. We identified one de novo CNV in the child's DNA leading to hemizygous deletion of SHANK3, a gene that has recently been shown to be a presumed monogenic cause of ASD (32, 48) . However, in both the mother and child's samples, we also detected a CNV deletion, which overlapped a large segment of the BRCA1 tumor suppressor gene, variants that are typically associated with a lifetime risk of developing breast cancer (49) . The mother, aged 24, was currently not symptomatic and did not have a family history of cancer.
Although this case was studied in the research setting where there is typically no consensus on how incidental findings should be handled (50) , for the purpose of this article, we consider the multiple ethical questions that might present if such a scenario arose in the clinic. Would there be an obligation on our part to inform the mother of this incidental finding? Complex disease risk factors like BRCA1 have variable penetrance and testing for mutations in this gene is usually only carried out for women with a family history of breast or ovarian cancer. Thus, in the absence of a clinical presentation or family history, the medical rationale to convey these findings would be problematic. Informing the mother and facilitating a referral to appropriate experts would allow her and her family members who might share the variant, the choice of taking precautionary measures. But the risk of inducing significant harms existed, ranging from undue anxiety to unwarranted medical interventions.
A second set of ethical concerns revolved around the question of the child's BRCA1 status. Should this be made known to the parents? Imparting information that has immediate medical relevance, such as the confirmation of a diagnosis in a symptomatic child, has strong justification. Conversely, revealing a predisposition to adult onset disorders is conten-tious and can have adverse psychosocial repercussions for both the child and the family (51, 52) . These findings also have several legal implications in addition to the ethical and clinical concerns. Should the child, the mother, or even her family members later develop cancer, would there be grounds for litigation based on the claim that the presence of the CNV should have been conveyed when it was detected? Another potential concern is the possibility that third-party access to such genomic information could result in insurance or employment discrimination, particularly in some countries (such as Canada) where genetic information nondiscrimination laws are unclear (53) . A discussion of the privacy issues surrounding genetic information is outside the scope of this article, but addressing the question of who should have access to these data and under what circumstances will be a crucial debate going forward, especially as the ability to interpret the effects of genomic variation increases (8, 10, 11) .
After such a variant has been found, how does one present the choice to families to know or not to know? The act of posing this question may itself cause distress implying that something significant has been detected. Incidental genetic findings have long been source of ethical dilemmas in the context of conventional testing (54) , but the nature of WGS data brings this issue to the fore. In the course of any genomewide analysis, thousands of points of information about the individual are captured. Although it is not clear yet how much of this will be clinically meaningful (39) , it is likely that at least some of it will have implications for the individual's health and disease susceptibility and some will have the potential to cause harm. Equally, it seems impossible, in terms of time and human and financial resources, to interpret and communicate all of this genomic information.
Similar to the other stories, this case illustrates the importance of pretest counseling during which potential outcomes should be explicitly raised and considered. Although the issue of incidental findings would be discussed, it is not always possible to anticipate what these might specifically include. Nonetheless, a framework would be in place to inform the family of the BRCA1 variants and to provide genetic counseling on the limited predictive power of such probabilistic findings, and the lack of certainty about their significance in light of the clinical presentation. Current clinical paradigms may consider it paternalistic to choose which findings merit disclosure. However, as we move forward, new systems for filtering results and determining which should be reported will be crucial. Not only will this be necessary to manage the volume of data but also it will be important for preserving the well being of patients and for addressing the needs of clinicians who will be faced with an increasing number of difficult medical and ethical decisions.
During our diagnostic investigations, multiple questions are arising. How and who will decide which data to reveal and which to mask? Is a genomic variant discovered by happenstance in an apparently healthy individual a cause for concern? How should we proceed if variants are discovered indicating carrier status or increased risk of disease later in life? Should subjective boundaries for which additional information would be acceptable to reveal be negotiated with patients before scanning? Are there some situations in which this agreement should be breached, for example, the finding of a variant of immediate medical significance, such as one conferring the risk of sudden cardiac death? What would be the mechanism for transmitting such information? Healthcare providers ordering arrays will need to anticipate their responsibilities in reviewing all findings including those outside their area of specialization and facilitating referrals to the appropriate subspecialities.
In the future, variants influencing almost all disease and carrier statuses, behavioral traits, and IQ may be known with each one carrying a different, albeit somewhat subjective, valence on a continuum from neutral (e.g. hair color) to extreme (e.g. Huntington disease status). Frameworks by which to categorize the impacts of conventional genetic test results based on clinical relevance and ability to act have been proposed (55) . Similar considerations might be incorporated in the development of algorithms for the filtering, sorting, and classification of WGS results before posttest counseling. Some clinical labs have already begun to reflect on these kinds of issues and have considered blocking data from genomic regions involving adult onset conditions when testing prenatal or pediatric samples. Others are addressing the potential for incidental findings in the informed consent processes (56) . However, as the information content of testing radically increases, new solutions will be required, and the practical and ethical implications of managing these data must be explicitly considered.
Story 3: A Rapidly Changing Knowledge Base
This individual was a 5-year-old girl who had been diagnosed with ASD at age 2. Analysis revealed two de novo CNVs in her genome. One of these was likely causative for the child's ASD, because it was a microdeletion overlapping the recently described ASD-susceptibility locus at the chromosome 16p11.2 (35, 37, 57) . The other appeared to be of unknown clinical significance. A year after we had completed the study and returned the results to the family, a new study revealed an association between the cryptic CNV we had found in the child's sample and a new neurogenetic syndrome. This new information could have implications for her clinical management.
This example raises numerous issues: how will healthcare providers manage cases in the face of such a rapidly changing knowledge base? Like conventional diagnostics in which the test itself might be updated, with WGS, it is not only the quantity of data yielded that is changing but also their meaning that needs constant reinterpretation. Once WGS reaches the resolution of genome saturation, rather than having to retest samples, updating results could be achieved by simply revisiting the scan raising the question: if the information is so readily available should it be continually accessed and, if so, how? Does a clinician have an ethical responsibility to recontact the family if they become aware of new clinically relevant information? Moreover, will they be able to keep abreast of relevant findings on their patients (58, 59) ?
In the context of traditional genetic testing, it is generally accepted that such recontacting is desirable (60, 61) . However, practical considerations to operationalize such a policy and its inherent ethical complexity have prevented this from becoming a legal obligation for genetics services staff (61) (62) (63) . Although guidelines have not been specifically articulated, current paradigms in the United States, United Kingdom, and Canada place the ultimate responsibility for initiating recontact for reevaluation of findings on patients or their families (64) . However, at the time of such patient-clinician contact, there is a legal precedent for primary care physicians to have integrated any new information for those under their provision of care (61, 64) .
With the understanding of CNVs currently so labile and the publication of new disease loci (see the Online Mendelian Inheritance of Man Database at http://www.nslij-genetics.org/ search_omim.html) and control information [see Database of Genomic Variants at http://projects.tcag.ca/variation/ (25)] so rapid, the potential emergence of new interpretations of clinical relevance is high and often carries ethical considerations.
As an example, a new finding that alters a reproductive risk assessment for a family might sometimes be welcomed, but alternatively could be the source of great distress if the opportunity to reproduce had been passed over by a family or a termination was performed on the basis of an incorrect risk estimate. Once new relevant findings are identified, similar dilemmas to those discussed in story 2 may arise regarding the selection and prioritization of which results should be communicated.
Current clinical consent forms at our institution allow families to indicate their desire for recontact in the event that updated molecular testing might significantly alter the information previously provided. Thus, in this case the family would be informed of the new observation, as well as the implications for the patient's clinical management. However, as we move forward, how such outcomes are handled, including who will bear the responsibility for updating, how often this should be performed, and what the boundaries for such reevaluations would be, need to be considered. Certainly a patient returning to a physician about a previously identified potential health risk would expect to get up-to-date information. In the future, this could be achieved by simply reinterpreting microarray or genome-sequence findings in the context of the available knowledge base; however, at this time, few clinicians would have the knowledge, tools, or the time to reinterpret such data.
Staying abreast of a rapidly expanding body of literature for the initial interpretation of scans also applies to service providers (58) . Employing teams of geneticists to manually update databases is addressing the growing challenge. However, the need for more systematic solutions to assist at all levels of interpretation and reinterpretation is becoming increasingly apparent. Web-based interfaces linked to centrally curated dynamic genotype-phenotype resources (see story 1) would assist in this regard. Such mechanisms could allow clinicians to mine datasets, and identify, update, and prioritize emerging valid and clinically relevant information at the point of need and to submit phenotypic and clinical information. Equally, service providers and researchers could use such a system to share data and interpret findings.
To inform these developments, it will be vital to i) evaluate the time, economic, and human resources that would be needed to interpret and reinterpret genome-wide datasets and reassess the clinical validity and utility of the information in the context of new research findings; and ii) explore the potential benefits and harms of updating patients with new information, including understanding, from both a clinician and patient perspective, which findings patients need to know and have a right to know, and which would be of lesser priority. Empirical evidence on the experiences, perspectives, fears, and desires of patients and families regarding updating and recontact even in the context of conventional genetic testing (61) will be pivotal to establish a proper standard of care.
Commentators have emphasized the practicality and the social and ethical utility of putting individual family and patient preferences at the heart of decisions to update genetic information (61, 62) . Web-based tools could also assist, providing a means by which families could update their preferences about if, and how often, they might wish to have their records updated, or even to allow them to track changes in the interpretation of their genomic data. Some DTC personalized genomics services are already offering similar informational support for their clients (65) . Empirical investigation of i) stakeholder perspectives on the attributes and norms that would be desirable in new systems to manage WGS data and ii) the interest in, and the economic and technical feasibility of developing such mechanisms should be undertaken. In addition to informing healthcare professionals about the issues we have highlighted, educational resources should be made available to the public in particular for pretest counseling.
CONCLUSION
Our discussion illustrates some of the challenges that will be encountered as the resolution of WGS diagnostics increases and their clinical application expands. Whole genome analysis is already cost effective and becoming routine in clinical practice. Higher-density arrays similar to the ones from these research studies will be imminently introduced into standard clinical service.
To best prepare for the onslaught of whole genome data, there is need to i) raise awareness of the issues and establish interim guidelines to address the challenges discussed in this piece through meetings of multidisciplinary stakeholders (e.g. clinical geneticists, clinicians, scientists, genetic counselors, potentially DTC entities, and parent support groups); ii) further define unexplored clinical, ethical, legal, social, economic, and educational issues arising from advances in genomics; iii) develop algorithms and new IT resources for efficient and cost-effective management, interpretation, and reinterpretation of massive datasets; iv) establish deliberative processes, for example, by creating groups that might meet at regular intervals to discuss emerging empirical data and output action steps; and v) adapt and simplify current clinical genetic services paradigms, including consent processes. Increased understanding in each of these areas will ultimately contribute to resolving informed clinical diagnosis amid complex genomic data. 361 WHOLE GENOME SCANNING: COMPLEX DATA
